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Abstract 
Cell infiltration is one of the most important characteristics of a degradable and 
bioactive biomaterial. Poly (ethylene glycol) (PEG), as one of the most commonly used 
polymer in medicine, also faces such problems. This issue also prevalence in PEG derivatives 
such as poly (ethylene glycol)-glutaric acid-dopamine (PEG-GA-DM) which is a versatile 
bioadhesive. As a promising bioadhesive system that can be used and modified to suit various 
type of applications, modification to overcome cellular infiltration and degradation issues will 
help further expand the usefulness of the material in tissue repair application. The degradation 
issue is already preliminary solved by introducing ester linkage through carboxylic acid 
functionalization via glutaric acid incorporation. However, the resulting degradation rate is 
still not ideal. To further modify the porosity, pore structure, and degradation rate of the 
polymer, various types of non-crystalline silica particles were introduced into the polymer 
network. The benefit of including silica particles into the gel system may not limited only to 
the degradation and pore structure. One of the most interesting effects that this ceramic 
material may contain is its ability to release silica byproduct, specifically hydrolyzed silica or 
orthosilicic acid. Orthosilicic acid was proved to positively affect collagenous extracellular 
matrix formation as well as improves keratin and collagen based organ’s health. Using various 
formulations, a number of PEG-GA-DA and silica composite improvements were investigated. 
The silica’s contributions to a number of changes include shortened gelation time, increased 
mechanical strength, faster initial degradation, higher structural stability after degradation, 
and, ultimately, change in porous structure. It is interesting that PEG-GA-DA silica composite 
not only provided improvement for the PEG network but also provide benefit for innate 
property of silica particle. With silicic acid as degraded product, the composite also facilitates 
extracellular matrix formation as well as therapeutic macrophages recruitment.  
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Chapter 1: Introduction 
Composite material is the combination of two or more distinct material into one 
material system. This allows the material to have more desirable properties. The early 
development of composite was mainly used for reducing cost rather than for improving 
mechanical properties of material [1, 2]. In the last few decades, advancement of biological 
as well as material science allow the scientist to design a unique system that provide both 
mechanical as well as biological improvements [3]. The main interest of this report is to create 
a composite system that can act as adhesive and, later on, a scaffold system.   
Poly (ethylene glycol) is one of the most commonly used polymers in medical field. It 
was synthesized and used for almost half a centuries in the form of hydrogel and copolymer 
[4, 5]. PEG varied in it molecular weight and comes in various form including linear, branch, 
star, etc. In the past, PEG was more commonly used in food and chemical utility applications 
rather than in medicine. As later studies of PEG allow more functionalization techniques, the 
use of PEG was vastly expanded. Functionalization of PEG allows it to perform in many specific 
applications including as a cellular imaging enhancer, drug delivery vehicle, bioadhesive, etc. 
[6, 7]. For bioadhesive applications, a number of publications were dedicated to the use of 
PEG and its derivatives as an adhesive. Non-functionalized PEG has intrinsic adhesive 
properties which increase with molecular weight [5]. Additionally, PEG can be made adhesive 
with even higher efficiency by introducing adhesive end groups such as dopamine or 
methacrylate [8, 9]. 
In 2002, Lee et al. have shown that PEG functionalized with 3,4-
dihydroxyphenylalanine (DOPA) made a promising bioadhesive [10]. However, PEG was 
generally regarded as a water soluble non-biodegradable polymer [11] Hence, the resulting 
hydrogel was proved to have undesirable degradation and cell infiltration properties. As a 
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mean to improve degradation, ester bond have been introduce through esterification of the 
PEG. This allows the network to be hydrolyze allowing structural breakdown of the resulting 
hydrogel [12]. With both ester and DOPA functionalization, the polymer system can act as 
biodegradable bioadhesive. 
Though highly versatile and affordable, PEG hydrogel still have critical drawbacks 
especially in bioactivity and cellular ingrowth. PEG was generally regard as water soluble non-
biodegradable polymer making them not ideal for large scale use [12]. In order to overcome 
such drawbacks, glutaric acid can be introduced into the native PEG chain. The ester bond 
that forms between PEG and the acid is hydrolysable leading to breakdown or degradation of 
the functionalized polymer network.  
As for bioactivity, high water content of the hydrogel renders the construct unsuitable 
for cell infiltration and attachments [13, 14]. Moreover, the native polymeric structure, 
specifically pore size, of PEG hydrogel is not suitable for cell infiltration and tissue formation 
[14]. In order to overcome such problems, introduction of porogens may prove to be an 
essential solution form both physical and chemical point of view.  
One strong candidate porogen is particulate silica. For medical applications, silica was 
considered hazardous in its crystalline form as it is non-biodegradable and can cause various 
type of silicosis [15]. Non-crystalline silica and soluble silica, however, has been used widely 
in antiaging and beauty products in the form of silicic acid which is known to induce 
collagenous extracellular matrix formation [16]. Non-crystalline silica has a much higher 
degradation rate compared to its crystalline counterparts which can be further enhance by 
increasing of surface area or porosity of the material. Later developments of such material 
also featured introducing salt and other ions such as sodium (Na), potassium (P), and calcium 
(Ca) into the native material creating ‘bioglass’ which can be degraded and release active 
ionic elements contained within. Such material shows especially high efficiency in bone repair 
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application [13, 17]. The use of porous silica particles has generally been limited to drug 
delivery system and electronics applications [18-20].          
 The focus of this report is to study the feasibility of the incorporation of micro- and 
nano- sized silica particles into a natively non-bioactive construct of PEG-GA-DA as a mean 
to address issues regarding poor degradation and cell infiltration. In addition, effects of the 
release of silica particles’ byproduct from the composites over cells, tissue, as well as wound 
healing or extracellular matrix formation will also be investigated. 
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Chapter 2: Background 
 
2.1 Bioadhesives 
Bioadhesive have mostly been designed to function for wound closure or as drug delivery 
vehicles. Bioadhesive use in wound closure is deemed to be better than conventional practice 
such as suturing or clipping as it can reduce practice level required for the surgeon to deliver 
a good result [21]. As for drug delivery, adhesives can be formulated to specifically adhere 
for a given time frame during synthesis [22]. It will also benefit from prolonged surface 
contact with target area as long as the adhesive properties last. The majority of adhesive that 
have been studied recently are polymeric materials. Polymers provide a variety of benefits 
including controllable properties and design, ease of use, and reasonable price [12, 23, 24]. 
However, the major drawback of polymeric adhesive is, especially for hydrogel based polymer, 
the lack of biological interaction of the construct. Specifically, highly hydrophilic hydrogels are 
not suitable for cell adhesion and infiltration can lead to poor biointegration [24]. As a result, 
development of better bioactive adhesive hydrogel could offer an alternative approach.           
2.2 Polymeric Hydrogel Composite  
Polymer is a material that comprised of smaller unit called ‘monomer’ joined into larger 
network structure. Polymer that can hold high amount of water in its structure was commonly 
referred to as ‘Hydrogel’ [25].  The benefit of hydrogel material especially in medical research 
can be briefly described as follows: highly versatile in modification, designable delivering 
method, and similar mechanical property to soft tissue [22, 23, 26]. However, hydrogel also 
contains some drawbacks which include; unfavorable cell adhesion and infiltration, weak 
mechanical properties, undesirable degradation behavior, and difficult to sterilize [23, 27, 
28]. The commonly used hydrogels in biomedical research include poly (ethylene glycol) 
(PEG), poly (vinyl alcohol) (PVA), polyacrylamide, etc. [28, 29]. Since hydrogels generally 
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contain high amount of water, these materials are superhydrophillic and hinders cell focal 
adhesion formation and cell attachment both physically and chemically [30].  
Due to their high strength in compression, the incorporation of ceramics has been used 
for thousands of years in improving mechanical property of other materials. Generally, 
ceramic materials are hard and brittle. These materials are widely perceived as highly 
anisotropic since they can be extremely strong in one direction but completely fragile in the 
transverse direction [1]. This unique property makes ceramics an interesting filler material in 
sphere or particles form since both are not largely affected by the loading direction unlike 
fiber or sheet forms [1].  
Composite materials are comprised of two or more type of materials including polymer, 
metal, and ceramic [31]. The common perception of composite material is that the composite 
yields better material properties whether they will be physical, chemical, or biological 
property. However, this claim has been proved from time to time to not always be true. The 
use of polymeric material as a base material and ceramic particles or spheres as a secondary 
phase has been studied for more than 4 decades [31]. Most of early uses of polymeric 
composites focused solely on mechanical improvement specifically strength and elasticity. The 
shapes of secondary phases mainly used include fibers, rods, spheres, discs, and irregular 
shaped particles [32]. Each secondary phase shape plays an important role on the composite 
mechanical properties. For example, fibers, rods and discs shaped particles can improve the 
material’s strength and elasticity much better than other shapes. However, the strength of 
material is generally highly dependent on direction of the reinforcement [1]. Though 
mechanically weaker than fiber reinforced composite; spherical or particles composites proved 
to isotropically strengthen materials with higher surface area to weight ratio [15]. This means 
they can withstand loads homogenously and have better surface-related interactions (i.e. 
degradation, surface drug coating, etc.). 
Unlike structural ceramic materials, the use of ceramic composites in biomedical research 
was generally limited to bone tissue related application and drug delivery system. The most 
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commonly used ceramics may include functionalized silica particle, bioactive glass, and 
hydroxyapatite [33].    
2.3 Dopamine as Adhesive 
Mussel foot protein (mfp) is found in sea water mussel’s adhesive plaque with the function 
of anchoring the mussel on an inter-tidal rock structure. This protein can be divided into 6 
conformations ranging from mfp1 to mfp6. The most prevalent component that provides this 
protein with adhesive properties is 3,4-dihydroxyphenylalanine (DOPA) which contains 
catechol groups that can form bonds with any surfaces [34]. The same quinone structure was 
also found in the neurotransmitter dopamine. 
Dopamine is a polyphenol which can act as an adhesive. Polyphenolic compounds are 
known to be able to act as adhesive whether they were synthesized or naturally derived, 
phenol-formaldehyde or tannins, respectively [24]. 1, 2 dihydroxybenzene or catechol is a 
molecule that is responsible for such properties (Figure 1.). The main adhesion mechanism of 
the chemical involves formation of covalent bond between surfaces and activated or oxidized 
quinones. The  reaction is driven by enzymatic activities in animal as well as oxidizing agent 
such as hydrogen peroxide, periodate, iron (III), and oxygen [24, 26]. As aforementioned, 
catechol found at the end of dopamine structure can react well with metal ions which oxidize, 
turning them into semi-quinone that can form strong covalent bonds with ions or most 
surfaces. Dopamine is readily available in an acid coupled form which suitable for most amide 
functionalization reactions. Moreover, quinone reactions are considered as a versatile 
adhesive reaction with the ability to function even under moist condition and without further 
surface preparation/modification [24].  This property renders dopamine to be a strong 
candidate for quinone based bioadhesives.        
2.4 Poly(ethylene glycol) as Bioadhesive 
Poly (ethylene glycol) (PEG) or poly (ethylene oxide) (PEO) or poly (oxyethylene) (POE) 
is a polymer which is synthesized from ethylene oxide by anionic polymerization [29]. The 
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molecular weight of PEG can be presented in hundreds up to millions gram per mol. PEG is 
one of the most commonly used polymeric biomaterials in medical field. It was synthesized 
and intensively used for a long time as additives in many products such as shampoo, 
toothpaste, and in food [29]. PEG has long been studied and was considered as a relatively 
inert biopolymer. However, functionalization of PEG allows introduction of various properties 
to the polymer network such as better bioactivity, adhesiveness, mechanical properties, self-
assembly, etc. Though functionalization was used successfully, the main drawbacks of most 
functionalized PEG are still poor bioactivity, poor degradation rate, as well as mechanical 
weakness [3, 29]. One of the most interesting functionalizations of the PEG is the adhesive 
moieties introduction. Lee et al. have demonstrate a number of approaches to synthesize 
PEG-based bioadhesive using dopamine functionalization [24].  
By introducing a dopamine or catechol group into the PEG structure, the resulting polymer 
is an adhesive polymer which can perform well as a sealant. However, this polymer still has 
degradation issue, since PEG with catechol groups is non-biodegradable. In order to overcome 
this problem, a glutaric acid linkage was introduced into the PEG polymer chain prior to 
dopamine functionalization to improve biodegradation [24]. As ester linkage formed between 
PEG and glutaric acid can be cleaved through hydrolysis process, accelerates the degradation 
of the whole polymeric network. The general structure of PEG-GA-DA can be seen in Figure 
2. 
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FIGURE 1 CHEMICAL STRUCTURE OF CATECHOL AND SEMI-QUINONE SURFACE COMPLEX 
FIGURE 2 CHEMICAL STRUCTURE OF PEG-GA-DA , HYDROLYSABLE ESTER BOND (A) AND CATECHOL 
ADHESIVE END GROUP (B)  
A 
B 
9 
2.5 Silica Particles 
By definition provided by Barsoum, ceramic formation is not limited to only high 
temperature formation but rather its final product which contains both ionic and covalent 
bonds [1]. Silica is one of the most abundant elements on earth. Silicate based composites 
(i.e. bioactive glass and silica particle) have been used to introduced bioactivity to the polymer 
systems for more than a decade.  Specifically, osteoinductive and osteogenic properties can 
be achieved through incorporation of bioactive glass [16, 33, 35, 36]. These incorporated 
glasses undergo degradation and release calcium (Ca) and phosphate (P) ions which help 
induce osteoblast recruitment resulting in bone formation [35].  
The main reason for using silica particles composites over bioactive glass composites 
is that they have more limited degradation product and ease of synthesis, especially in non-
crystalline micro particles form [37, 38]. Limiting degradation product helps ensure chemical 
stability of hydrogel network which is important for their use as a scaffold materials. Degraded 
product of silica particles is a colloidal form of silanol compounds which have weak acidity, 
commonly known as orthosilicic acid [38]. Generally, crystallized silica particles (i.e. sand, 
quartz, etc.) are considered non-degradable but the non-crystalized form of it is considered 
as a degradable material. Degradation of this type of material in non-crystalized form was 
proved to be largely affected by surface area [8, 17].  A number of studies suggest that 
localization of an appropriate amount of silicic acid promotes extracellular matrix (ECM) 
synthesis and fibroblast differentiation, improved osteoblastic cells recruitment and 
osteoinduction [2, 17] 
Jurkick et al. suggested that silicic acid plays an important role in maintaining level of 
collagenous extracellular matrix synthesis in animals as well as in human [38]. Increasing 
and decreasing of silicic acid level lead to change in the matrix formation as well as 
remodeling. Retiff et al. reported that silicic acid significantly affect collagen type 1 synthesis 
as well as osteoblastic differentiation of human osteoblast-like cells [39]. This finding further 
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emphasis the importance of silicic acid as active substance for collagenous extra cellular 
matrix synthesis and, ultimately, bone formation. Hence, incorporation of non-crytalline silica 
particles into a polymer network will not only alter the network physical properties but also 
affect extracellular matrix formation around the composite implantation site.      
Both silica micro and nano particles are commonly used as fillers and mechanical 
enhancers for conventional adhesives such as epoxy, poly (methyl methacrylate) (PMMA), 
and impact resistant rubber [40]. However, silica nano particles is found to be more commonly 
used in biomedical research especially in bone and dental applications. The reasons behind 
the use of nano particles in medical research rather than micro particles may include: larger 
surface area to weight ratio, faster degradation, shorter biological half-life, and ease of 
preparation [41, 42]. However, nano particles cannot be used to create micron size pore 
structures in both passive and active approach i.e. bioactive degradation and chemical 
etching, respectively. Another interesting property of silica particles is that it can form 
superficial physical entrapment leading to adhesion over two surfaces if at least one of the 
surface is a soft material [25, 26]. This will likely improve adhesive strength of most polymer 
composite matrices at superficial levels.  
As for toxicity, usage of nano silicate proves to be more of a concern as crystalline 
nano silicate in high amounts can be toxic when used in direct contact manner such as dental 
bridge or implants [43]. Studies show that larger size silica and silicate particles show inclined 
trends as toxicity decrease with increasing of size of the particle. Colloidal silica and silicate 
are considered as non-crystalline particles. These particles forms were used as alternatives 
to conventional crystalline particles which prepared by flame polymerization and sintering. 
However, colloidal silica nano particles in polymeric composite shows significantly change in 
diffraction capability. The resulting composite shows near total diffraction capability at 
relatively low incorporation rate [44]. As a result, observation of colloidal silica composite 
system under microscope may suffer significantly. Although they have significantly lower 
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mechanical strength as well as dramatic change in optical characteristics, colloidal silica 
particles have much faster degradation rates and are considered safe to be used, in relatively 
small quantity, in direct contact with living organisms. 
2.6 Silicate-based PEG-based Composite Bioadhesive  
Researchers agree that introducing particles into a water-rich network hydrogel can 
cause a number of changes to the resulting composite. The interaction between the particles 
and polymer network as a composite system is not clear. Gahawar and Schexnailder et al. 
suggested that silicate based particles were promptly used in hydrogel preparation to improve 
network strength as a physical crosslinker rather than a chemical crosslinker [45, 46]. 
However, most recent review papers suggested that the polymer mostly forms compact layer 
of chains and loops on top of the particles as well as loop around the particles at nano scale 
(Figure 3.a) [34]. Tang et al. have suggested that colloidal silica particles composites have 
relatively fast degradation rate comparing to conventional PEG hydrogel [47]. Moreover, 
introducing such particles into systems will likely lead to large improvements in mechanical 
properties including compressive strength as well as elasticity. Gahawar et al. have shown 
that bioactive glass composites of poly(ethylene glycol) (PEG) have approximately 100 fold 
higher mechanical properties comparing to normal PEG hydrogels [46].  By introducing silica 
micro particles into the composite, gelling behavior as well as final gel structure should be 
altered. The silica particles can act as physical crosslinkers as well as porogenic species [21, 
46]. By being physically trapped inside the polymer network as well as competitively acting 
as chemical anchorage site during gelation process, the resulting gel was generally found to 
be stiffer leading to improve surface favorability for cell adhesion. From the biological point 
of view, the introduction of silica based material seems to produce dramatic changes in 
biological responses. Yuan et al. shows that incorporation of Laponite nano particles can 
improve cell infiltration in PEG-GA-DA composite [21]. According Gahawar et al., the silicate 
based particles can also help induce bone formation by osteoblast recruitments in vivo [48]. 
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The colloidal or non-crystalline silica particles (SiO2) were also found to degrade into 
orthosilicic acid which can induce collagenous extracellular matrix formation [38]. However, 
the use of silica particles was only limited to non-crystalline form since crystalline silica 
particles are commonly acknowledged as hazardous material [49].  
 The use of silica micro particles as crosslinkers was investigated for more than a 
decade. Unfortunately, most of the recent studies only focused on nano particles composites 
because they have better overall properties. However, while the nano composites seem to be 
the ideal system, nano particles composites still contain some drawbacks including high rate 
of aggregation, surface instability, composite detachment, and, the main concern of this 
report, suboptimally small porous structure that are unsuiatable for sustaining tissue 
formation after degradation [50]. This information helps determine the optimum particles size 
required for tissue formation that will be used in this study. This model of incorporation are 
also investigated in other types of polymeric network composites including poly (methyl 
methacrylate) and epoxy matrices [29]. Generally, non-porous micro particles were used as 
strengthening filler. However, with the extremely slow degradation rate of non-porous silica 
micro particles, it is not suitable for biomedical applications. 
Silica micro particles have proved to produce larger pores comparing to it nano size 
counterpart after it degraded. The effective pore that allow cell to infiltrate into any system 
was found to be around 100-300 nm. According to Bryer et al., optimal pore size for functional 
tissue formation ranging from 10 to 50 μm [50]. Additionally, effective pore size of 30-40 
micro meter to allowed optimal cell infiltration, tissue development, and micro vascularization 
to take place [50]. Micro particles were found to be less likely to compete with polymerization 
of polymer chains leading to higher self-cross linking ratio due to much lower surface area 
comparing to nano particles at the same weight. As a result, the resulting composite should 
maintain the adhesiveness of the original material. Generally, non-porous silica particles were 
found to be minimally or non-degradable [45]. However, microporous and mesoporous silica 
particles degraded at least 3 and 10 times faster, respectively, compared to the nonporous 
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particles at the same weight [45]. The main reason behind this phenomenon can be explained 
by the immense increase in surface area. By introducing such particles into a hydrogel system, 
the result will likely be an improvement in cell infiltration. Specifically, the final composite 
product should have a number of desirable properties including good degradation behavior, 
higher mechanical properties, better porous structure, better extracellular matrix formation, 
and, most importantly, biocompatible. The concept of structure development can be 
demonstrated as Figure 4.    
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FIGURE 4 NATIVE GEL STRUCTURE (A). STRUCTURE OF GEL WITH SILICA PARTICLES IN THE 
STRUCTURE (B). DEGRADATION OF SILICA PARTICLES IS FASTER THAN THE GEL LEAVING PORE IN THE 
STRUCTURE (C). CELL SUCCESSFULLY INFILTRATE INTO THE PROVIDED PORE (D). 
 
 
FIGURE 3 PHYSICAL CROSSLINKING WITH TAIL AND LOOP FORMATION AROUND PARTICLES (A). 
CHEMICAL CROSSLINKING ON PARTICLES SURFACE (B). ADAPTED FROM SCHEXNAILDER. [45] 
A B 
D C 
B A 
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2.7 Wound Healing Cascade 
Wound healing is a critical function of all living organism. The ability to regenerate loss 
tissue and recover the loss of function is one of the most importance aspect of life. In human 
body, wound healing process in general can be summarized as in Figure 5. There is a large 
number of factors involve in the process. However, for soft tissue and structural tissue 
regeneration, remodeling is considered the most crucial and determining. Macrophages and 
fibroblast recruitment as well as collagen deposition can be used to predict wound healing 
efficiency [51, 52]. In general, fibroblast recruitments directly linked to collagen deposition 
which is the main extracellular matrix the body used in wound healing [51]. However, increase 
in fibroblast is usually a positive sign of macrophages recruitment. Macrophages play critical 
role during inflammatory response stage as well as wound remodeling stage. Nonetheless, 
different type of macrophages are responsible for each biological response. There are two 
main type of macrophages namely macrophages type 1 and type 2 (M1 and M2, respectively). 
Type 1 macrophages, normally referred to as ‘killer cells’, is responsible for dealing with 
foreign material and causing extreme inflammatory responses [53]. This type of macrophage 
is considered unfavorable for wound healing, especially if they are persisting for a prolonged 
period of time. On the other hand, macrophages type 2 was considered the main activated 
macrophage that initiate wound healing [52]. The M2 macrophage help initiates tissue repair 
and remodeling through utilization of ornithine molecule. This allows M2 to suppress 
inflammation and accelerate remodeling process [53]. Hence, effectively induced changes of 
both macrophage type 2 and fibroblast recruitment should leads to more effective wound 
healing.        
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FIGURE 5 WOUND HEALING PROCESS CAN BE DIVIDED INTO 4 PHASES INCLUDING HEMOSTASIS, 
INFLAMMATION, PROLIFERATION, AND REMODELING [54] ARROWS INDICATE KEY FACTORS TO BE 
DETERMINED IN THIS STUDY.  
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Chapter 3: Material and Method  
3.1 Material 
Tetraethyl orthosilicate (TEOS, 98%) and sodium periodate (NaIO4, >99.8%) was 
obtained from Acros Organics (Fair Lawn, NJ). 3-(4, 5- dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide 98% (MTT) was from Alfa Aesar (Ward Hill, MA). 1X phosphate 
buffer saline was from Fisher Scientific Co. (Pittsburgh, PA). Histology mounting medium 
Polyfreeze, Trichrome Stain (Masson) Kit, bouin solution, and Weiger’s iron hematoxylin 
solution were purchased from Sigma-Aldrich (St. Louis, MO). 4′, 6-Diamidino-2- phenylindole 
(DAPI) was obtained from Invitrogen (Grand Island, NY). Primary and secondary 
immunofluorescence stain with CD163 and S100A4 specific antibody were obtained from 
Sigma and Lonza. PEG-GA-DA was prepared by adapting method of Yuan’s PEG-D4 study 
previously described [21]. Silica particles synthesis was modified from Jenkin’s studies [42, 
55]. 
3.2 Method 
3.2.1 Poly (ethylene glycol)-Glutaric acid-Dopamine Synthesis 
Synthesis of poly (ethylene glycol) was done according to a method reported by Dalsin 
et al. with minor modification. The synthesis has been done in a multi-step manner. Briefly, 
8-arm PEG was dissolved in chloroform with pyridine under a N2 filled chamber at molar ratio 
of 1:5:5. The mixture was heated to 55oC while stirred vigorously overnight before being 
cooled down. Then, the solvent was removed using a rotary evaporator. The clear yellow 
highly viscous solution was then transferred into a vacuum desiccator for 3-5 days 
subsequently, dialysis was done to further remove solvent. The purified PEG-GA was freeze-
dried and then kept under N2 in the freezer. H-1 NMR was conducted to evaluate coupling 
efficiency.  
In order to functionalize the PEG-GA with dopamine, PEG-GA was dissolved in 
chloroform and dimethylformamide (DMF) solution (2:1 ratio). After the PEG-GA was fully 
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dissolved, dopamine hydrochloride, HBTU, HOBt, and triethylamine were added to the 
solution. The molar ratio of PEG-GA comparing with other chemicals are 1:16.8:16.8:8:20, 
respectively. The solution was stirred for 3 hours before undergoing solvent removal via the 
rotary evaporator. The resulting sticky solution was then transferred into a vacuum desiccator 
for one week to further remove solvent. Dialysis has been done with acidified deionized water 
for 48 hours in a step increasing fashion (minute 10, 20, 40, and so on). This sample has 
been freeze dried and then stored under N2 in the freezer. Characterizations of the PEG-GA-
DA using NMR and UV-Vis to measure the coupling efficiency was conducted. The chemical 
structures and reaction is shown in Figure 3. 
3.2.2 Silica Particles Synthesis 
Silica particles have been synthesized using a modified Jenkin’s method [27, 55, 56]. 
Briefly, TEOS was mixed with ethanol (EtOH) at 1:1 volume ratio. This mixture was sonicated 
for 5 minutes to ensure homogenous mixing. In another container, deionized water (diH2O) 
was mixed with EtOH and heated to 55oC while stirred vigorously at a speed of 600-1000 rpm 
to create micro-reactor droplets. After the solution was heated evenly, the pH of the mixed 
solution was adjusted to 3.5, 10, and 10 for non-porous non-crystalline micro particles, non-
porous non-crystalline nano particles, and microporous non-crystalline micro particles, 
respectively. The TOES solution was introduced into the reactor solution dropwise at 300 
µl/sec. For the non-porous silica micro particles, the mixed solution was stirred at 300 rpm 
for 12 hours before adjusting the pH to neutral (pH 7.0-7.4). The product was collected via 
filtering using grade 4 filter paper. For the nano particles, the solution was stirred at 1000 
rpm for 3 hours before undergoing neutral pH adjustment. The nano particles collection has 
been done using centrifugation (Ultra high speed – 10Gs). The neutralized solution was 
centrifuged and washed with ethanol. Then, it was rinsed with water for 3 times to remove 
unreacted TEOS as well as residue base or acid species. For the porous silica micro particles, 
the solution was stirred at 1000 rpm for 3 hours before adjusting the pH to 3.5 and 
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continuously stirred at 300 rpm for 12 hours more. Following that, pH of the resulting solution 
was adjusted to neutral before being filtered with filter paper and rinsed with ethanol and 
deionized water. All resulting precipitates were air-dried for at least 24 hours and kept under 
a vacuum desiccator for another 24 hours to ensure effective removal of moisture. The 
resulting particles were characterized with FTIR to detect any residue. Light microscope and 
dynamic light scattering (DLS) methods were used to characterize the nano particle. 
Additionally, porous micro particles were tested under a mechanically stressed condition using 
a vortex machine to mimic the mixing condition during composite formation. The breakages 
were also characterized using DLS and light micro scope with ImageJ. 
3.2.3 Preparation of PEG-GA-DA Hydrogels and Curing Time Testing 
The preparation of PEG-GA-DA hydrogels was done by mixing the polymer precursor 
solution (300 mg/mL PEG-GA-DA in 2x phosphate buffer solution at pH 7.4 with 0-20%wt  
silica micro or nano particle) and NaIO4 solution (54.6 mM in deionized H2O) at equal volume. 
With the solution volume doubled after mixing, the final concentration of PEG-GA-DA and the 
particles were kept at 150 mg/mL and 0−10 wt %, respectively. The final gelation time for 
the adhesive was determined when the mixture ceased to flow in a tilted vial with 20μl of the 
mixture being tested (Figure 6). Unless specified otherwise, all hydrogels were allowed to 
cure overnight, then equilibrated in 1x phosphate-buffered saline (PBS) (pH = 7.4) until 
further characterizations. A total of 5 formulations have been investigated in this study 
including PEG—GA-DA hydrogel (control), silica micro and nano particles incorporated in PEG-
GA-DA at 2% by total gel weight (2%M and 2%N, respectively), silica micro and nano particles 
incorporated in PEG-GA-DA at 10% by total gel weight (10%M and 10%N, respectively).     
3.2.4 Characterization of PEG-GA-DA using FTIR and FE-SEM 
Fourier transformed infrared (FTIR) spectra of the dried samples were obtained using a 
PerkinElmer Spectrum One spectrometer. Dry hydrogels were obtained by vacuum-drying of 
each hydrogel formula (control PEG-GA-DA, 2% Micro and Nano composite and 10% Micro 
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and Nano composite) for at least 48 hours. The swelling ratio or equilibrium water content 
(EWC) was defined as: 
𝑆𝑆𝑆𝑆 = 𝑀𝑀𝑠𝑠−𝑀𝑀𝐷𝐷
𝑀𝑀𝑠𝑠
∗ 100 %      (1) 
where Ms and Md denote the mass of swollen and dry hydrogels, respectively.  
For scanning electron microscope imaging, field emission scanning electron microscope 
was used to take images of the hydrogel sample. Briefly, samples have been prepared prior 
to imaging by submerging the sample in deionized water for 48 hours to remove PBS salt and 
any residues. After the salt removal process, the gel sample was flash-frozen via liquid 
nitrogen for 5 minutes, then transferred to the freeze dryer. During the process, the gel 
sample was left overnight to remove water. The resulting dry gel was broken before it was 
mounted on the SEM mount piece prior to imaging. Hitachi FE-SEM S4700 was used to create 
the micrographs.   
3.2.5 In Vitro Degradation 
For each formula, hydrogel discs (diameter = 5 mm, thickness = 1.5 mm, n = 3) were 
transferred into vials containing 5 mL of PBS (pH = 7.4) and incubated at 37 °C. The PBS 
solution was proportionate to the wet disc weight at 100mg/ml at the starting point. The PBS 
solution was removed and replaced with fresh PBS every 7 days. At a specific time, samples 
were dried to determine their remaining mass (Mr). The percentage of the residual mass of 
hydrogels was determined by comparing initial wet mass with remaining mass of each 
composites.    
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FIGURE 6 SCHEMETIC OF: (A) 8 ARM PEG WITH AVERAGE MOLECULAR WEIGHT EQUAL TO20,000; 
(B) GLUTARIC ACID; (C) DOPAMINE; SYNTHESIS PROCESS OF 8 ARM PEG-GA-DA  (D), R 
REPRESENT CHEMICAL STRUCTURE OF PEG 
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3.2.6 Compression Testing 
 Unconfined, uniaxial compression testing was performed using an Electroforce® 3200 
machine (Electroforce System Group, Valley View, MN). Hydrogels (number of repeat n = 3) 
were compressed at a rate of 1.8 mm/min until the sample fractured. The dimensions of each 
hydrogel (diameter ≈ 10 mm; thickness ≈ 5 mm) were measured using a digital caliper 
immediately before testing. Stress in Pascal unit was determined based on the measured load 
divided by the initial surface area of the sample. Strain was determined by calculating percent 
of changes in the position of the compressing plate over the initial thickness of the hydrogel. 
Toughness was determined by the integral of the stress−strain curve.   
3.2.7 Cytotoxicity Testing 
Each hydrogel formulation (PEG-GA-DA with 0, 2 and 10% silica micro and nano particle) 
was tested in a triplet manner. Evaluation of the hydrogels cytotoxicity was performed by 
determining the viability of cells exposed to the hydrogel extracts. It was measured using 
quantitative 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay 
according to the ISO 10993.5 guideline. Mouse fibroblasts (L929) were cultured in Dulbecco’s 
 
FIGURE 7 MIXTURE OF PRECURSOR GEL SOLUTION AND INITIATOR SOLUTION AT TIME T=0 (A). 
GELLED SOLUTION AT FINAL TIME (B).   
A B 
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modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS) and 10 units/ml 
penicillin& streptomycin in physiological condition (37 °C, 5% CO2, and 95% humidity). The 
hydrogels’ discs (10 mm diameter, 2 mm thick) were sterilized using two methods: ethanol 
and sterile filtration. For ethanol-based sterilization, hydrogels were submerged in 70% (v/v) 
ethanol for 45 min followed by washing three times with 20 mL of sterile PBS for 90 minutes. 
The hydrogels were then incubated in DMEM (10 mg/mL) for 24 hours in physiological 
condition to obtain the hydrogel extract. For the filtration method, disc-shaped hydrogels were 
formed using non-sterile precursor solutions. The resulting hydrogels were incubated in DMEM 
(10 mg/mL) for 24 hours in physiological condition to create the extracts. The extracts were 
then filtered through a 0.22 μm sterile filter to remove any possible biological contaminants. 
L929 cells were suspended in DMEM and seeded into 96-well microculture plates at a 
density of 104 cells/100 μL/well and incubated for 24 hours. After that, the culture medium 
was aspirated and 100 μL/well of hydrogel extract were added. The cells cultured in the 
untreated DMEM were set as control. After another 24 hours of incubation, the medium was 
removed and replaced with 50 μL of MTT solution (1 mg/mL in PBS) and incubated for another 
2 hours. Lastly, all solutions were aspirated out and 100 μL/well DMSO was added to the 
treated cells. The absorbance of each well was measured using a Synergy HT Multi-Mode 
Microplate Reader (BioTek, USA) with specific a wave length of 570 nm. The relative cell 
viability (mean% ± SD, n = 3) was determined by comparing absorbance of each extract 
treated culture with the absorbance of control culture. Samples with a relative cell viability 
less than 70% were considered to be cytotoxic. 
3.2.8 Adhesion/Infiltration Testing 
Cell adhesion and infiltration testing were conducted by a method that was mentioned in 
Yuan’s study [40]. In brief, hydrogel were sterilized in 70% ethanol, then equilibrated in a 
culture medium for 24 hours. The culture medium was then removed and cell suspension was 
directly added on top of the gel surface. The culture continues for 2 weeks with the culture 
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medium being changed every two days. After 2 weeks, a group of samples (n=3) was 
collected and stained with calcine and DAPI, then observed under a fluorescence microscope 
(Zeiss Apotome). Moreover, another sample group was separately collected using the liquid 
nitrogen flash freezing method with Polyfreeze® as a fixer matrix. The fixed gel then 
cryosectioned at -35oC and at 20 µm thickness. The resulting sectioned slides were stained 
with hematoxylin staining to observe cell infiltration. 
Alternatively, cell infiltration was studied using the subcutaneous implantation of a rat. 
Healthy, Sprague-Dawley rats were obtained from the Michigan Technological University 
animal facility. A total of 3 PEG-GA-DM hydrogel, 10%wt micro- and nano-composite 
(diameter = 10 mm, thickness = 2 mm) were implanted subcutaneously in the backs of each 
rat. The subcutaneous implantations were performed by trained personnel following the 
approved protocol by the Michigan Technological University Animal Committee (IACUC). 
Hydrogel samples were sterilized using the same ethanol-based sterilization as in the in vitro 
cytotoxicity study. The rats were anesthetized using an isofluorane−oxygen gas mixture, and 
fur around the implantation site was removed. A pouch was formed under the dermal layer 
using a pair of fine scissors, and a hydrogel was placed in this pouch. Two weeks after surgery, 
the animals were euthanized, and the implanted hydrogel along with surrounding skin tissues 
were collected, embedded in Polyfreeze®, and then flash frozen in liquid nitrogen. The frozen 
samples were stored at −80 °C before sectioning. All tissues were cryosectioned into 10 μm 
thick sections and stained with Masson’s trichrome staining for morphology and collagen 
production evaluation. DAPI was used to locate the cells via staining the nuclei of cells. All 
histological imaging analyses were performed on an Olympus microscope. Trichrome staining 
was used to separate cellular rich layers (red color) close to the implant interface from the 
collagen layer (blue color). Immunostaining has been done. CD163 and S100A4 antibody 
specific fluorescence dyes were used to identify macrophage type 2 and fibroblast, 
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respectively. Cell number, cell infiltration as well as local collagen content were quantified by 
ImageJ. 
3.2.9 Rheometry   
Rheometry was characterized using a Discovery Hybrid Rheometer (DHR). Frequency 
sweeps (0.01-100Hz at 0.1 strain) were performed to investigate the storage (G’) and loss 
(G’’) moduli of the samples. Hydrogel discs (diameter = 10 mm, thickness = 5 mm, n = 3) 
were tested using a parallel plate at a gap distance of 87.5% of each individual sample as 
measured by a digital caliper. 
3.2.10 Compression Testing 
The Electroforce® machine (Electroforce Group, MN) was used to characterize the 
hydrogel samples via unconfined, uniaxial compression testing setup. Hydrogels (number of 
repeat n = 3) were compressed at a rate of 1.8 mm/min until the sample fractured. The 
dimensions of each hydrogel (diameter ≈ 10 mm; thickness ≈ 5 mm) were measured using a 
digital caliper immediately before testing. Stress was determined based on the measured load 
divided by the initial surface area of the sample. Strain was determined by dividing the change 
in the position of the compressing plate by the initial thickness of the hydrogel. Toughness 
was determined by the integral of the area under the stress−strain curve from the initial 
condition to the break point. 
3.2.11 Statistical Analysis 
Statistical analysis was performed using JMP Pro11® software. One-way analysis of variance 
(ANOVA) with Tukey HSD and student-t test were performed for comparing means of multiple 
groups and two groups, respectively, using a p-value of 0.05.   
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Chapter 4: Result and Discussion  
4.1 PEG-GA-DA Functionalization 
NMR and UV-Vis data suggests that preparation of PEG-GA-DA was successful (Appendix 
B.). The data also suggested more than 95% glutaric acid incorporation and approximately 
100% dopamine coupling efficiency. The data also suggested that no contaminant was found 
in the tested samples.   
4.2 Silica Particles Characterization 
By variation of the synthesis conditions, the resulting silica particles can be categorized 
roughly into 3 types: solid non-porous micro/nano sphere, nano sphere, and micro aggregates 
particles or microporous micro particle. The synthesis conditions are shown in Table 1. All 
synthesis was done at 55 oC. The pH of the solution was neutralized after a specific time. 
The resulting particles were collected and characterized. FTIR was used to find the specific 
absorption peak of the silica particles structure as well as the residue species (Si=O=Si at 
~1300 nm and Si=OH at ~2700 nm). The result suggests that the proposed synthesis method 
successfully yielded pure silica particles with untraceable residues.  
TABLE 1 SILICA PARTICLES SYNTHESIS CONDITION 
Particles Type Molar ratio* Stirring 
Speed (rpm) 
Time 
(hrs.) 
pH Average Size (µm) 
Non-porous micro 
sphere 
1:27.5:27.5 300 12 3.5 23.55±12.23** 
Non porous nano 
sphere 
1:55:55 1000 3 10 0.352±0.042 
Porous micro 
particle 
1:55:55 s.1000 
g.300 
12 s.10 
g.3.5 
41.75±24.46 
9.81±4.24*** 
*Molar ratio of TEOS:H2O:EtOH, **Exclude residues, ***After sieving, exclude residues 
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FE-SEM was used to characterize the physical structure of the particles including 
surface features and porosity. SEM images suggests that all synthesis conditions successfully 
yield silica particles. For the non-porous microsphere, this type of particle was generally 
synthesized in an industrial scale laboratory using the flame reactor method, which has a 
much higher yield. The drawback of this particle, however, is the poor degradation time due 
to an increase in the crystallization level. Although the degradation time of this type of 
particles is not comparable to those of crystalline particles, it usually takes approximately 10 
times longer to be degraded compared to the porous particles structure. To overcome such 
problem, Ströber synthesis method or acid sol-gel method have been used. With a relatively 
slow rate of hydrolysis, the particles’ surface was found to be relatively smooth. Broken 
particle images also suggested that there was no pore presented in the particles (Figure 8.). 
However, small particulates which are a byproduct of unoptimized synthesis condition can 
also be observed. They affect the synthesis by competitively consume silica precursor and 
form a smaller, aspherical silica structure. These smaller particles can be fully isolated at a 
desired size range using a physical sieving technique. By using ImageJ program with a particle 
analysis features, the result indicates that the size of the particles varies from 5 to 250 µm 
excluding residues. The average particles size (n=100) is 23.55±12.23 µm. The generalized 
degradation profile of various types of silica particle is shown in table 2. 
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FIGURE 8 NON-POROUS SILICA MICRO PARTICLES WITH SMALL SILICA PARTICULATES (ARROWS) (A), 
INTERNAL STRUCTURE OF THE PARTICLE SHOWS NONPOROUS FEATURE (B). DASH LINE INDICATES 
INTERNAL STRUCTURE OF THE PARTICLES 
 
TABLE 2 SILICA PARTICLES DEGRADATION PROFILE 
Type of silica particle Pore size (μm) Medium condition Estimated Degradation rate 
Mesoporous  0.002-0.05 Dynamic 50% in 6 hours [57] 
Mesoporous  0.002-0.05 Static 85% in 144 hours [58] 
Microporous <0.002 Dynamic >50% in 6 hours [57] 
Macroporous >0.05 Dynamic 50% in 30 hours [57] 
Non porous Non porous Dynamic <5% in 6 hours [57, 59] 
Note: non-porous particles was used in this study.  
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By using a basic sol-gel approach, the hydrolysis of TEOS is quickly driven to the final 
point. Shorter time for the particles to grow in size results in a small and relatively 
homogenous particles (Figure 9.). Surface features and the size of non-porous nano particles 
are also analyzed in the same fashion as mentioned before. In addition, a dynamic light 
scattering (DSL) machine was used to further confirm the size distribution of the particle. The 
result demonstrated that the resulting particles size is 352±42 nm. The nano particles of this 
size was prepared in porous form using an emulsifier such as polysorbate 20 (Tween20) to 
create nano channels in the particle. Porous nano particles were proven to be too mechanically 
weak to be used as a structural enhancer, as the particles were extremely brittle [45]. 
Moreover, Schexnailder demonstrates that non-crystalline porous nano particles can be fully 
degraded in less than 7 days [45]. Hence, the life expectancy of such particles was too short 
to be efficiently used as a reinforcement material in this specific composite. 
 Non-porous silica nano particles were found to be easier to make well-dispersed in 
viscous solution, leading to a more defined structure of the final composite. However, there 
is a very large number of silica nano particle composite that have been studied in the past; 
repeating such studies is not beneficial for the development of bioadhesive composites. 
Nevertheless, this type of particles can be used as a building block for the microporous micro 
particles by fusing them together to create bigger particles aggregates. 
The applied basic sol - acid gel approach was used to create microporous silica micro 
particles. Initially, the particles were hydrolyzed rapidly under alkaline condition for an hour 
to the preformed silica-sol solution. After that, the sol solution was left to gel under acid 
condition, which allows the particles to form bigger clusters as the condensation of the sol 
progress overtime. As longer gelling time is allowed through pH change, the final product was 
grown into micro-sized aggregates with a shape that resembles the micro particles, but with 
a porous structure. 
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FIGURE 9 NON-POROUS SILICA MICRO PARTICLES (A), CLOSE UP OF THE NANO PARTICLES SHOWS 
NO SURFACE FEATURES INDICATING THAT THE PARTICLES ARE NONPOROUS SOLID (B) 
  
 ImageJ program was used to calculate the size of the particles. The analysis result 
from light microscope images shows that the particles not only vary in size, but also in shape. 
This may be due to the fact that an equilibrium state of oil phase and water phase has not 
been regulated properly during synthesis [60]. The average size, however, was found to be 
widely dispersed at 41.75±24.46 µm.     
 The FE-SEM image of the particles shows uneven surface topography due to the fact 
that the particles is formed by aggregation of smaller particles (Figure 10. A). Moreover, as 
to be expected, the particles is somewhat fragile under mechanically stressed conditions. The 
particles was found to be destroyed easily by sieving (Figure 10. B). This breaking behavior 
has been further characterized by mixing the silica micro particles in deionize water and then 
vortexed in the same manner as done during hydrogel formation. Although the breaking 
behavior of the particles was found to be extreme, the DSL result is still favorable, as all of 
the particles were bigger than 300 nm in size. This specific size threshold has exceeded the 
minimum cell infiltration limit [50].                     
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 The resulting particles can be sintered to improve their mechanical property, but will 
likely increase their crystallinity. Moreover, their degradation behavior and porosity will be 
changed. Since this report focuses more on the degradation and general improvement of the 
composite, sintering of the particles has not been done. 
Differences in the degradation behavior of the particle were similar to those reported by 
Finnie et al. and Yamada et al. With the micro particles degrading significantly slower than 
nano particles, the degradations are highly dependent on the surface area of the particles 
[57, 58]. As Yamada et al. pointed out in their report, silica particles have a very unique 
degradation behavior as they likely form a thin layer of hydrolyzed silica or soluble silicic acid 
on the particle surfaces [58]. Hence, the degradation is largely effected by solution circulation 
and replacement. This insight suggests that in vitro degradation behavior tests should be 
done in dynamic settings. Moreover, it also suggested that static cell culture may not convey 
a complete model of the particle composite degradation as well as their true biological 
response.        
 
 
  
FIGURE 10 POROUS SILICA MICRO PARTICLES (A), PARTICLES BREAKAGES AFTER MECHANICALLY 
SIEVED USING 90 µM USS STANDARD SOLDERED SIEVE WITH AVERAGE SIZE OF 11.95±0.85 µM (B)   
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4.3 Composite Gelation Time 
Gelation plays a great role in the final hydrogel properties as it dictates the degree of 
particles dispersion. Since this model used micro particles as reinforcement material, optimal 
gelation is even more crucial due to the fact that micro particles are practically hard to be 
evenly dispersed. The micro particles were found to precipitate after a certain time starting 
approximately 30 second after mixing, as it failed to form a colloidal layer. The gelation has 
been investigated and modified for the best result possible. Variations of initiator 
concentration, pH, and PBS concentration have been investigated (Appendix A.). Change in 
initiator concentration was not suitable because it leads to a number of changes of the 
composite properties, i.e. mechanical properties [31]. PBS concentration, in the other hand, 
was found to be directly linked to the final salt content of the material and affected the swelling 
behavior of the gel. Hence, small changes in pH of the PBS solution were used to effectively 
control the gelation behavior with marginal change of the final product. The final condition 
used in this report and these experiments were 300 mg/ml PEG-GA-DA, 11.67µg of NaIO4, 1 
ml of 1xPBS, and 1 ml of DiH2O. The molar ratio of catechol in PEG-GA-DA to NaI2O was kept 
at 1:1. The resulting gelation time of conditions used as the standard practice is demonstrated 
in Figure 11. Gelation time may slightly increase from the graph shown if the total volume of 
the final gel exceeded 50 μL. 
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FIGURE 11 GELATION TIME OF PEG-GA-DA AND THEIR COMPOSITES. *,**P<0.05 WHEN COMPARE 
TO CONTROL AND BOTH CONTROL AND 2%M AND 2%N, RESPECTIVELY 
 
4.4 Composite FE-SEM 
FE-SEM micrographs of PEG-GA-DA and its 10% micro and nano composite have been 
retrieved. All the data was shown in table 3. PEG-GA-DA hydrogel images are shown in Figure 
12. Loosely enclosed interconnected wall-like structure have been observed. The image 
clearly demonstrates that the pore size of the PEG-GA-DA network was relatively small. Only 
1.54 µm measured from the farthest end of each pore, the structure is not physically suitable 
for multiple cell depositions but still allow cell to infiltrate into the structure [8]. 
For the nano particles incorporation, FE-SEM images of the hydrogels show that 
incorporation of micro particles successfully increase pore size of the native hydrogel network 
as well as introducing nano particles embedded interconnected wall (Figure 13.)   
For the micro particles composite, the SEM image clearly shows differences in the pore 
size comparing to other two formula (Figure 14). The image shows a polymer network at a 
cutting plan with as high as 10 folds increase in the pore size comparing to the other formula. 
*
**
*
**
0
5
10
15
20
25
30
35
40
Control  2%M  10%M  2%N  10%N
Ge
lla
tio
n 
Ti
m
e 
(s
ec
on
d)
Type of Composite
Gelation Time
34 
 
However, the surface with micro particles trapped in will be covered with the polymer as well 
as being packed with particles. The average pore size of the composite was measured via the 
ImageJ program. The average pore size was found to be 15.05 ±4.4 µm. The aggregates 
were also found to be embedded in to the network wall with the size varied from hundreds of 
nanometer to 5 µm. The images also showed smaller particles encrusted in the polymeric 
wall. This resulting in a much more complex system that contains both micro particles as a 
core which was surrounded by smaller particles. Hence, the detailed analysis on 
micromechanics and internal physical properties of the composite were unlikely. The 
incorporation of nano particles showed no significant improvement over the composite porous 
structure, however.  
 
TABLE 3 MICRO STRUCTURE OF SILICA PARTICLES AND PEG ADHESIVE COMPOSITE 
  
Sample Pore size (µm) Comment 
PEG-GA-DA 1.54 ± 0.08 Native pore size was used as a control to interpret the 
significance of the composite 
10% silica nano 
composite 
1.05±0.13 Pore structure was not significantly changed. Nano 
particles entrapment can be observed, however 
10% silica micro 
composite 
15.05 ±4.4* Pore structure was significantly enlarged. Particles 
with the size of 300 to 5 µm sized were observed in 
the network wall. 
* P<0.05 
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FIGURE 12  
The surface of PEG-GA-DA at low magnification (A). Porous 
structure can be seen in (B) and pore structure is fully 
interconnected (C).  
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FIGURE 13  
The surface of PEG-GA-DA with 10% silica nano particles (A) 
pore sized was reduced comparing to PEG-GA-DA (B) and silica 
nano particles are effectively trapped in the pore structure (C). 
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FIGURE 14  
Magnified image of the broken surface PEG-GA-DA with 10% 
silica micro particles hydrogel (A) Electro micrograph shows 
much larger pore size comparing to both nano particles 
composite and native PEG adhesive (B) and smaller size silica 
particles can be seen effectively trapped in the polymer 
structure. 
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4.5 Composite FTIR Spectra 
The FTIR technique was used to analyze the hydrogel content. For the silica particles, 
two distinct peaks of Si-OH at >2500 cm-1 and Si-O-Si at <1300 cm-1 have been observed. 
The spectra of silica particles and PEG-Gu-DA were overlapped leading to difficulty in 
distinguishing them in the composite spectrum. The data suggests that the incorporation of 
silica particles into the PEG-GA-DA network was successful since the composite spectrum 
shows broadening (Figure 15.). 
 
 
FIGURE 15 FTIR SPECTRA SHOWS SPECIFIC PEAKS OF SILICA PARTICLE AND PEG-GA-DA 
AS WELL AS THEIR OVERLAPPED SILICA COMPOSITE SPECTRUM. 
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4.6 Composite Swelling Behavior 
The swelling ratio was found to be approximately at 73.97% for the PEG-GA-DA 
hydrogel (control). Incorporating silica particles into the gel shows a small decrease in the 
swelling ratio (Table 4.). When compare side by side, PEG-GA-DA hydrogels swell significantly 
more than their composite counterparts except for the 2% silica micro particles composite 
(Figure 16.). This result suggests that the composite hydrogel contain less water than the 
conventional hydrogel. According to a number of studies, swelling ratio or equilibrium water 
content is an indirect measurement of general physical properties of hydrogel network. These 
values are inversely proportional to the crosslinking property and mechanical properties of a 
hydrogel system. The result suggests that introducing a small amount of silica micro particles 
does not significantly alter the cross-linking density of the PEG-GA-DA hydrogel. However, for 
nano particles and high amount of micro particle incorporations, a small yet significant 
changes of cross-linking density of the hydrogels can be observed.  
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TABLE 4 SWELLING RATIO 
Sample Swelling ratio (% compared to initial weight) Note (, p< 0.05) 
PEG-GA-DA Control 173.97 ± 0.68  
2%wt Micro composite 172.89 ± 1.65  
10%wt Micro composite 166.78 ± 1.33 * 
2%wt Nano composite 170.02 ± 0.25 ** 
10%wt Nano composite 162.38 ± 0.92 *** 
*p<0.05 when compared to control, ** and *** p<0.05 when compared to other formula 
 
 
FIGURE 16 SWELLING RATIO SHOWS SIGNIFICANT CHANGES FOR 10%M, 2%N, 
AND 10%N SAMPLES, *P<0.05 
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4.7 Composite Degradation 
Degradation results suggested that the incorporation of both micro and nano particles 
dramatically changes the degradation behavior of PEG-GA-DA hydrogels. As shown in Figure 
17, significant changes can be observed during the 2nd and 4th week of the experiment. After 
the 6th week, PEG-GA-DA hydrogels were rapidly degraded and lost more than 50% of their 
mass. Moreover, the hydrogels completely liquefied in the 7th week. By the 8th week, all 2% 
silica nano composite hydrogels as well as one of the 10% silica nano composite hydrogels 
had completely lost their structural integrity while the micro composites were still intact. This 
result not only suggested that the incorporation of silica particles changes the degradation 
behavior of the hydrogels, but it also improves the structural stability of the system overall. 
When considering structure stability on the 8th week, the  2% nano composite was found to 
behave like a PEG-GA-DA control during this experiment, which resembles the experiment 
reported by Yuan with 2% by weight Laponite composite [40]. The micro composite, however, 
behaves differently, as it seems to increase the degradation rate rapidly and then approaches 
a plateau state, where degradation happens more slowly. This degradation behavior 
resembles those of chitosan-based micro particles, which was used as a composite construct 
for drug delivery systems [61].     
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FIGURE 17 RESIDUE WEIGHT OF DRY SAMPLES AFTER DEGRADATION SHOWS SIGNIFICANT INCREASE 
IN DEGRADATION FOR ALL COMPOSITES DURING WEEK 2 AND 4, X REPRESENT TOTAL DEGRADATION, 
*P<0.05 WHEN COMPARE TO CONTROL AT THEIR RESPECTIVE DEGRADATION TIME.  
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4.8 Rheometry 
Rheometry data shows marginal increase in viscosity after micro particles have been 
introduced. When calculated in % comparison to PEG-GA-DA control, 1%wt and 2%wt have 
an increase of 70% and 140%, respectively. The fact that storage modulus of the hydrogels 
are almost perfectly overlapped suggested that crosslinking density, which can be represented 
by storage modulus of the system, of the hydrogels were almost identical (Figure 18.). Loss 
modulus, in the other hand, was found to deviate in a small range. Although not significantly 
different, this behavior fits the presumption given by Schexnailder et al. that this type of 
composite will behave like semi-crystalline material [45]. This leads to a conclusion that the 
silica particles composite shows similar swelling behavior and rigidity to control PEG20k-GA-
DA gel but seems to be marginally more viscous under stress as confirmed by rheometry. 
 
 
FIGURE 18 RHEOMETRY OF THE HYDROGEL SHOWS NO CHANGE IN STORAGE MODULUS OF THE 
COMPOSITE, WHILE SLIGHT CHANGES CAN BE OBSERVED IN LOSS MODULUS. 
 
  
0.0001
0.001
0.01
0.1
1
10
100
1 10 100 1000 10000
G'
 G
'' 
(K
Pa
)
Frequency (Hz)
Rheometry
Ctrl G' Ctrl G'' 1% G' 1% G'' 2% G' 2% G''
44 
 
4.9 Compression Testing 
Compression testing was conducted to investigate the mechanical strength of the material. 
The result demonstrates that an increase in silica micro particles content, even in small 
amounts, leads to changes in both compressive strength and stiffness of the final composite. 
The amount of particle incorporation was found to be non-linearly related to the compressive 
strength of the composite (Figure 19.). The highest stress value of 752.06 ± 124.10 KPa can 
be observed in 10% silica micro particles composite. Moreover, incorporation of silica particles 
also leads to increase in stiffness of the network. The data suggests that increase in silica 
particles incorporation leads to a higher deviation, as high as 16.50%, of the testing result, 
which is likely because of poor dispersion of particles. Toughness was found to be significantly 
increased in 2% micro particles composite. For the 10% micro particles composite, the results 
are too deviated to be able to effectively use as a comparison (Figure 20). However, according 
to literatures, adding higher amounts of particles could decrease the toughness, which can be 
explained with rule of composite, as the composite system behaves more like a ceramic 
system: it tends to lose its toughness, but gains in compressive strength [1].     
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FIGURE 19 COMPRESSIVE STRENGTH AND FRACTURE COMPRESSIVE STRAIN SHOWS SIGNIFICANT 
INCREASE IN MICRO PARTICLE COMPOSITE FOR BOTH WEIGHT INCORPORATION , *P<0.05 WHEN 
COMPARE TO CONTROL 
 
 
FIGURE 20 TOUGHNESS OF ALL COMPOSITES SHOWS SIGNIFICANT INCREASE IN TOUGHNESS ONLY 
FOR 2%M COMPOSITE, WHILE 10%M SHOWS NO SIGNIFICANT INCREASE PRESUMABLY DUE TO POOR 
PARTICLE DISPERSION *P<0.05 WHEN COMPARE TO CONTROL. 
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4.10 MTT Assay 
A cytotoxicity test was performed through MTT Assay as described in the material and 
method section. The result suggests that hydrogel extract at 10 mg/ml concentration is not 
toxic, as the cell viability rate is higher than 70% standard range [41]. By comparing these 
findings with the degradation testing, the results are interesting as, for composites, the 
extract contains higher amounts of hydrogel and silica particles byproducts as the degradation 
test indicates that the composites initially degrade much faster than conventional PEG-GA-DA 
hydrogel (Figure 21). This suggests the possibility of effectively using composite in a biological 
system without causing an extreme side effect.     
 
 
 
FIGURE 21 CYTOTOXICITY OF EACH HYDROGEL FORMULATION SHOWS NO CYTOTOXIC FOR ALL 
FORMULATIONS  
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4.11 In vitro Adhesion Testing and in vivo Testing 
In vitro testing results demonstrated the feasibility of the cell to be able to survive on the 
composite surface. However, due to a high level of opacity of the gel, a clear image of the cell 
population as well as depth difference of deposited cells cannot be obtained. Cryosectioning 
of the hydrogel has been conducted as an attempt to investigate cell infiltration. The 
experiment was proved to be unsuccessful as the minimum sectioning thickness is 20 μm, 
and damage over the sectioned slides were high. This is likely due to high water content of 
the hydrogel sample as well as sudden change of mechanical property in the fixing material 
interface (Polyfreeze-hydrogel interface). Alternatively, animal experiments have been done 
to demonstrate the composite biological responses instead. According to hematoxylin and 
eosin staining, preliminary 2 weeks subcutaneous implantation of the composite suggests that 
all hydrogels were still intact; clear cell infiltration as well as fibrous encapsulation were not 
observed (Figure 22.). The trichrome staining result suggests that amount of surrounding 
collagen in all samples was not significantly different (Figure 23.). However, the nucleus count 
reveals that both micro and nano composite have a noticeably higher number of cell in 100 
µm distance above the gel interface. The immunostaining result shows a fibroblast layer at 
the gel interface (Figure 24, 25, and 26.). The number of the cells, however, was found to be 
higher in both composites. Since most of the cell presented in the site contains primarily 
fibroblast and macrophages, nucleus & cells overlap can be used to determine the exact cell 
position. After fibroblast cell’s subtraction, the rest of the cells is mostly macrophages, which 
contain both M1 and M2 macrophages. Hence, macrophage type 2 (M2) staining (CD163 
fluoresence staining) has been done in order to see the extracellular matrix remodeling 
capability of the hydrogels. The subtraction technique is also be used to establish the ratio of 
M1 vs. M2 cells, which represent the inflammation degree of the tissue. The result reveals 
that both composite successfully recruit M2 macrophages, and successfully reduced M1 to M2 
ratio, while the control gel failed to do so. This suggests promising properties of the 
composites, as they can recruit more macrophages type 2 as well as fibroblast [26, 50]. 
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However, further analysis, such as quantifying specific cell types and longer implantation, is 
needed in order to draw a certain conclusion.          
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FIGURE 22  
H&E staining of 2 weeks implantation shows cells accumulation at 
gel interface of control (A), higher amount of cell accumulation in 
10%Micro composite (B) and lower amount of cell accumulation in 
10% nano composite (C). Scale bar = 200 µm.  
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FIGURE 23  
Trichrome staining of 2 weeks implantation shows cell layer at the 
interface of control (A), thicker cell layer in 10%Micro composite 
(B) and almost no cell layer in 10% nano composite (C). Scale bar 
= 200 µm. 
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FIGURE 24  
Immunostaining of 2 weeks implantation of control via DAPI 
nucleus stain shows cell nucleus (A), S100A4 fibroblast stain shows 
highest level of fibroblast at the implantation interface comparing 
to the other type of implantation (B) and CD163 M2 specific stain 
show low level of M2 macrophages at the interface (C). Dash line 
indicate gel interface. Dotted line indicate fat tissue. Scale bar = 
200 µm 
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FIGURE 25  
Immunostaining of 2 weeks implantation of 10% micro composite 
via DAPI nucleus stain (A), S100A4 fibroblast stain shows high level 
of fibroblast at the implantation interface (B) and CD163 M2 specific 
stain shows high level of M2 macrophages at the interface (C). Dash 
indicate gel interface. Scale bar = 200 µm. 
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FIGURE 26  
IMMUNOSTAINING OF 2 WEEKS IMPLANTATION OF 10% NANO COMPOSITE 
VIA DAPI NUCLEUS STAIN (A), S100A4 FIBROBLAST STAIN SHOWS 
ACCUMULATION OF FIBROBLAST AT THE IMPLANTATION INTERFACE (B) AND 
CD163 M2 SPECIFIC STAIN SHOWS LARGE A NUMBER OF M2 
MACROPHAGES PRESENTED NEAR THE INTERFACE  (C). DASH LINE INDICATE 
GEL INTERFACE. SCALE BAR = 200 µM. 
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Chapter 5: Conclusion  
 This study served to investigate modifications of dopamine functionalized 8-arm PEG 
tissue adhesive hydrogel via silica particles incorporation. Incorporation of both silica micro- 
and nano- particles significantly decreases the curing time as well as the water content of the 
resulting gel. Compressive strength and toughness were found to be increased in a positive 
manner. Silica particles incorporation was also found to cause changes in the porous structure 
due to network interaction between both particles and PEG-GA-DA. Specifically, micro 
particles can successfully increase the native pore size of the hydrogel from a diameter of 
400-500 nm to up to 15 µm. Degradation behavior was found to be dramatically changed 
while biocompatibility of the hydrogel was found to be unaltered. The degradation change can 
almost fit into a linear model. Interestingly, the subcutaneous implantation result suggests 
an increase in macrophages type 2 and fibroblast cell recruitment, which indicates the 
possibility of wound healing improvement. Hence, silica micro- and nano- particles are 
potentially an effective method to improve the bioactivity and porous structure of bioinert 
PEG-based bioadhesives. For future studies, quantitative measurements of adhesiveness and 
cellular responses of the composite are needed. These tests will provide a clearer material 
and cellular response of the composite as well as complete the understanding of the material.    
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Appendix A: Synthesis Conditions  
Synthesis condition 
TABLE 5 TESTED FORMULATIONS 
Polymer solution - PS pH of PS Initiator solution – IS  pH of IS PBS concentration 
PEG20k-GA-DOPA 7.4 diH2O 5.5 1x 
1wt% SiM PEG20k-GA-DOPA 7.4 diH2O 5.5 1x 
2wt% SiM PEG20k-GA-DOPA 7.4 diH2O 5.5 1x 
PEG20k-GA-DOPA 7.4 diH2O 5.5 5x 
1wt% SiM PEG20k-GA-DOPA 7.4 diH2O 5.5 5x 
2wt% SiM PEG20k-GA-DOPA 7.4 diH2O 5.5 5x 
PEG20k-GA-DOPA 7.4 diH2O 5.5 10x 
1wt% SiM PEG20k-GA-DOPA 7.4 diH2O 5.5 10x 
2wt% SiM PEG20k-GA-DOPA 7.4 diH2O 5.5 10x 
PEG20k-GA-DOPA 7.4 diH2O 5.5 1x 
1wt% SiM PEG20k-GA-DOPA 7.4 diH2O 5.5 1x 
2wt% SiM PEG20k-GA-DOPA 7.4 diH2O 5.5 1x 
10wt% SiM PEG20k-GA-DOPA 7.4 diH2O 5.5 1x 
2wt% SiN PEG20k-GA-DOPA 7.4 diH2O 5.5 1x 
10wt% SiN PEG20k-GA-DOPA 7.4 diH2O 5.5 1x 
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Appendix B: NMR and UV-Vis  
UV-Vis of PEG-GA-DA 
By subtracting absorbance at dopamine specific peak 280 nm, the resulting coupling 
efficiency can be calculated by subtracting PEG-GA-DA absorbance at 280 nm from baseline 
then calculate theoretical absorbance from known PEG-GA-DA concentrations. Calculation of 
theoretical absorbance was done using the following equation: 
𝑊𝑊𝑖𝑖
𝑀𝑀𝑤𝑤
∗ 𝐸𝐸 = 𝑇𝑇ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑒𝑒𝑎𝑎𝑎𝑎𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒𝑎𝑎𝑒𝑒𝑒𝑒 
while W is known weight of PEG-GA-DA, 𝑀𝑀𝑊𝑊 is molecular weight of 8-arm PEG (22000 kDa), 
and E is theoretical coupling ends (8-arms). 
For 8 arms PEG-GA-DA from weight 10.4, 10.7, and 10.8 mg, the theoretical 
absorbance will equal to 0.000375  
 The resulting value is the theoretical value of absorbance of 100% coupling efficiency 
with 8 functionalization per molecule of PEG-GA. Calculation of absorbance at 280 of PEG-GA-
DA was done using dopamine standard curve. The equation of PEG-GA-DA sloop was used by 
substituting y with measured absorbance at 280 nm. The following equation was an example 
from a batch of PEG-GA-DA: 
𝑦𝑦 = 2618.4𝑥𝑥 + 0.1707 
while x is equal to 1.192363.  
As a result, the resulting experimental absorbance will equal to 0.00039 
Hence, comparison between theoretical absorbance and experimental measurement 
can be calculated into percent coupling efficiency of the polymer. The given example has 
coupling efficiency of 101.17±1.27%. The result was approximations of dopamine coupling 
efficiency.     
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UV-VIS STANDARD CURVE OF DOPAMINE AT 280 NM 
 
 
UV-VIS SHOWS THAT COUPLING PERCENTAGE OF THE DOPAMINE ON TO PEG-GA IS 
101.17 ± 1.27 % 
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H-1 NMR SPECTRA OF POLYETHYLENE GLYCOL 
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Polyethylene glycol (PEG) 
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H-1 NMR SPECTRA OF POLYETHYLENE GLYCOL - GLUTARIC ACID  
PEG
O
O O
OH
PEG' 1 2 3
n
 
Polyethylene glycol – Glutaric acid (PEG-GA) 
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H-1 NMR SPECTRA OF POLYETHYLENE GLYCOL - GLUTARIC ACID - DOPAMINE
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Polyethylene glycol – Glutaric acid – Dopamine (PEG-GA-DA) 
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